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Summary
Objective: To review the historic development of the understanding of articular cartilage from the earliest comment in the fourth century BCE
until about 2000.
Design: The history up to 1900 is told chronologically, divided into (1) recognition of the tissue, (2) structure, and (3) chemistry. The twentieth
century is sketched with a timeline of discoveries that at the time were important and a bibliography of journal review articles.
Results: By 1900 the avascular, aneural state and ﬁbrillar composition have been accepted. The nutrition of articular cartilage remained in
dispute. The composition of the binding substance and its relation to collagen remained unknown. Research in the ﬁrst half of the twentieth
century continued to be impeded by lack of technology. The advent of electron microscopy, isotopic tracer technics and enzymology rapidly
accelerated the understanding of hyaline cartilage beginning in the 1950s.
Conclusions: The history of research on hyaline cartilage illustrates the dependence of scientiﬁc progress on technologic innovation.
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SocietyAlterations in articular cartilage are the most important fea-
tures in the pathogenesis of osteoarthritis. While osteoar-
thritis is the most prevalent chronic human disease, the
historical development of our understanding of this tissue
has not been comprehensively traced. Knowledge of carti-
lage may be considered in approximately ﬁve phases: (1)
recognition as a distinct tissue with teleological explana-
tions of its existence and function; (2) description of its
structure; (3) explanation of its deterioration; (4) elucidation
of its biochemical composition; and (5) relation of the bio-
chemical changes to deterioration.
A distinct tissue
The ﬁrst documented recognition of cartilage has been at-
tributed to Aristotle (384e322) in the fourth century BC:
‘‘Cartilage is found where it is an advantage that the solid
framework should be pliable and glutinous for the beneﬁt
of the ﬂesh that surrounds them. This applies to the ears
and the nostrils. Such projecting parts quickly get broken
if they are brittle. Cartilage and bone are the same in kind
and differ only by ‘the more and less’.1’’ So Aristotle prob-
ably was not aware of articular cartilage. The composition of
the extant Hippocratic Corpus overlapped Aristotle’s life-
time, and does not mention cartilage.
In ‘‘On the Usefulness of Various Parts of the Body,’’
a major work Galen (130e215) completed in 175, articu-
lar cartilage was described brieﬂy. ‘‘Cartilages are spread
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make them smooth, and Nature also uses cartilages oc-
casionally as moderately yielding bodies.. Cartilage
serves as a grease for the joints2a.’’ Elsewhere it is not
only cartilage but also synovial ﬂuid that protects joints
against wear: ‘‘.Nature has again searched out a double
remedy, ﬁrst covering each member of the joint with car-
tilage and then pouring over the cartilages themselves
a sort of oily substance, a greasy, glutinous ﬂuid, which
gives every joint an easy movement and protection
against wear2b.’’
Skipping eight centuries, we come to the Persian physi-
cian Avicenna (980e1037). Cartilage is ﬂexible, but second
to bone in hardness. ‘‘It was made for the purpose of provid-
ing a cushion between hard bone and the soft members, so
that the latter should not be injured when exposed to a blow
or fall, or compression.. In the case of joints, it prevents
the tissues from being torn by the hard bone.3.’’ Moses
ben Maimon (Maimonides, 1137e1204) in about 1190
merely compared the toughness of cartilage to that of liga-
ments and nerves4.
Sixteenth century pre-Vesalian writers varied in the detail
of their citations, but depended entirely on opinions
attributed to Galen. For example, the papal physician
Joannes de Vigo (1525) cited the cartilaginous support of
the nose and ears, and that it is ‘‘of the nature of bones,
but softer5.’’ Niccolo Massa (1485e1569, Venice) speciﬁ-
cally referred to Galen, saying identically with Avicenna
and de Vigo that ‘‘cartilage is a certain substance like
bone, but softer which you will ﬁnd at the extremities of all
the bones, large and small according to the need of the
member. This cartilaginous portion was reserved for
many bones at their extremities in order to keep two hard
surfaces from coming into contact and being broken by
movement and to maintain something between the ﬁnal
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is given to the ribs so they may be ﬂexible in dilatation and
so that moveable members should be located in a place
less subject to breakage6.’’
In regard to cartilages Andreas Vesalius (1514e1564,
Padua), the father of modern anatomy, largely followed Ga-
len. He may have added some information in stating that
cartilage ‘‘has no sensation and no marrow.’’ This comment
may not be identical with Galen’s statement that cartilage
has no nerves because of Vesalius’s ambivalence regard-
ing the function of nerves. However, Vesalius clearly added
information by pointing out that cartilage changes with age.
‘‘In younger people cartilages are soft, but with age they
harden and resemble the fragility and friability of bone..
In older people epiphyses are no longer joined to their
bones by the intervention of cartilage which plays the part
of glue, but have lost the cartilage and are joined in such
a way.. [that] it is difﬁcult to see the point of union.’’ Vesa-
lius made a nice simile to illustrate Galen’s passage regard-
ing the relationship of synovial ﬂuid to cartilage:
‘‘.Obviously the purpose of its [cartilage’s] being so
smooth and ﬂat is that the head of the bone may turn easily
in its socket and no roughness may impede the ease of
movement. In this it is assisted by a viscid and slippery liq-
uid not unlike the grease which we smear on pulleys round
which ropes turn7.’’
The ﬁrst effort to explain the relative ﬂexibility of cartilage
was made in 1691 by the London anatomist, Clopton Ha-
vers (?e1702). He referred to the ‘‘Particles’’ which consti-
tute bone and cartilage and since he described
a ‘‘proportion of the Particles that are of a streight (strait) ﬁg-
ure’’ of various lengths he obviously conceived of a ﬁbrillar
structure. Flexibility is proportional to ‘‘the distance of the
extremities of the Particles in one series from the extremi-
ties of those which are contiguous to them laterally.’’ In
bone ‘‘the Particles are united at their extremities, so that
every Series makes a continuous and compleat string
whereas.. [in cartilage] there are little distances or cavities
between their ends.’’ These cavities contain air and the
compressibility of cartilage depends on the quantity of the
air available to be compressed; cartilage is converted into
bone once the air is forced out of the interstices and the
Particles unite8a.
Another of Havers’s hypotheses, one that was debated
until resolved by electron microscopy, was that articular car-
tilage is covered by a membrane that is a continuation of the
periosteum. It was believed to be ﬁxed to the cartilage by
‘‘small ﬁbrillae’’ that ﬁll superﬁcial cavities. Its function was
to nourish and give sensation to the cartilage8b.
Hermann Boerhaave (1668e1738, Leiden) introduced
a misconception regarding the cartilaginous origin of syno-
vial ﬂuid. ‘‘.articulated Bones are lined with a smooth car-
tilage, to which Nature has added small Glands and Cells
discharging a glutinous Mucilage into the Cavity of the Artic-
ulation, which is thus lubricated and defended on all
sides9.’’
The ﬁrst description of osteoarthritic cartilage occurs in
the report of an autopsy that J.-B. Morgagni (1682e1771),
the professor of anatomy in Padua, had performed in
1741. This woman had been ‘‘frequently afﬂicted with is-
chiadic pains.’’ ‘‘The head of the right os femoris was not
rounded into a globular form: and was depress’d, and not
cover’d by a smooth and white cartilage, but by one of
a pale ash-colour: and, indeed, this cartilage was totally de-
ﬁcient in the posterior part of the head; so that the bone ap-
pear’d naked in that part, and form’d into many roundish
and protuberant particles.’’In the superior portion of the acetabulum ‘‘two bony lam-
inae [were] buried within its natural cartilaginous and liga-
mentous substance.10’’
Structure
William Hunter (1718e1783), the famous London anato-
mist and surgeon, in 1743 wrote what may be considered
the ﬁrst scientiﬁc study of articular cartilage. It was his
only work on this subject. An abridgment of its principal ob-
servations follows:
An articulating Cartilage is an elastic Substance uniformly
compact, of a white Colour, and somewhat diaphanous,
having a smooth polished Surface covered with a Mem-
brane; harder and more brittle than a Ligament, softer
and more pliable than a Bone.. We may compare the
Texture of a Cartilage to the Pile of Velvet, its Fibres ris-
ing up from the Bone, as the silky Threads of that rise
from the woven Cloth or Basis..
Now these perpendicular Fibres make the greatest Part
of the cartilaginous Substance; but without Doubt there
are likewise transverse Fibrils which connect them, and
make the Whole a solid Body, though these last are
not easily seen, because being very tender, they are de-
stroyed in preparing the Cartilage.
The Perichondrium of the smooth articulating Cartilages
is so ﬁne, and ﬁrmly braced upon the Surface, that there
is room to doubt whether it has been often demonstrated,
or rightly understood.. Every Joint is invested with
a Membrane, which forms a complete Bag, and gives
a Covering to every thing within the Articulation.. The
Blood-vessels are so small, that they do not admit the
red Globules of the Blood; so that they remain in a great
measure unknown. Nor even by this Method [injection of
liquid wax] are we able, in adult Subjects, to demonstrate
the Vessels of the true cartilaginous Substance.. From
the great Insensibility of a Cartilage some have doubted
of it being furnished with Nerves; yet, as it is generally al-
lowed, that these are a sine qua non in the Growth and
Nourishment of Animals, we have no sufﬁcient Reason
to deny their Existence in this particular Part.
.an ulcerated Cartilage is universally allowed to be
a very troublesome Disease; that it admits of a Cure
with more difﬁculty than a carious Bone; and that,
when destroyed, it is never recovered11.’’
Hunter’s article still was a primary reference a century later
when cartilage began to be investigated systematically
(e.g., Toynbee, Leidy). Sir Benjamin C. Brodie
(1783e1862, Sergeant-surgeon to the King, 1834): ‘‘Up to
the period of growth being concluded, we must suppose
the articular cartilages to be vascular, otherwise we cannot
account for the changes of bulk and ﬁgure which mark their
progress towards complete development. In the child, ca-
nals or sinuses may be seen ramifying through their sub-
stance, containing blood,. though not constructed with
the distinct tunics of ordinary blood-vessels. In the adult per-
son these canals for the distribution of blood are not percep-
tible. This proves that they are very minute, but not that they
are altogether wanting.. The cartilages of joints are sub-
ject to the constant and powerful operation of friction, yet
they are not affected by it. They continue as thick and as
perfect in those who are unremittingly engaged in bodily ex-
ercise as in the most inactive persons.. These circumstan-
ces cannot be explained unless we admit the cartilages to
possess a power of reparation; and this must be supposed
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vessels modiﬁed by that of the absorbents12.’’
Joseph Toynbee (1815e1866), a student of Jacob Henle
(1809e1885), stated in his 1841 article on avascular tissues
that ‘‘the following accounts of dissections made by Henle
and myself may be cited.’’ They made detailed studies of
the embryogenesis of cartilage, mainly in fetal calves, be-
ginning with a one inch embryo. Toynbee also made the
clearest distinctions to that time between hyaline and ﬁ-
bro-cartilage13a. In regard to hyaline cartilage, ‘‘My more
limited examinations of the human foetus have led me
also to the conclusions that during the most early periods
the cartilage of the epiphyseal extremities of bones does
not contain any blood-vessels, and that notwithstanding
their absence, the cells of this cartilage are developed,
and its growth carried on; and that at the same time the cells
of the epiphyseal and the articular cartilage are formed and
developed without the presence of vessels13b. Into the sub-
stance of healthy (adult) articular cartilages I have never
been able to trace blood-vessels, and my researches
induce me to believe that they do not possess any.’’ Toyn-
bee’s principal anatomic elucidation was that: ‘‘In adult life,
when the epiphyseal cartilage has been ossiﬁed, the can-
celli [lattices] of the latter are separated from the articular
cartilage by a layer of bone, to which may be given the
name of the articular lamella.. This lamella is composed
of two sets of osseous layers; the one, dense and thick, is
continuous with the vertical ﬁbres of the cancello; the other,
delicate and thin, principally composed of osseous cor-
puscles, is situated at right angles to the latter and ﬁlls up
the interspaces of the vertical ﬁbres.. Through the articular
lamella numerous vessels of considerable size will be dis-
tinctly recognized in the interior of the cancelli. These ves-
sels enter the substance of the bone by the large
foramina which are seen at its non-articular surfaces, and
they converge towards the articular lamella. With the inner
surface of this lamella they not infrequently appear to be
in contact; and either in contact with it, or near to it, these
vessels form dilatations and convolutions, and then take
a retrograde course and become continuous with the ve-
nous system.. I believe that (these vessels) have the func-
tion of supplying the articular cartilage with a nutrient ﬂuid,
and that they do so without entering into its substance. It
is necessary that the nutrient ﬂuid brought to the inner sur-
face of this lamella should penetrate it substance. It is most
probable that it traverses only the thin layer of the lamella,
and not the vertical portions..That the nutrition of articular
cartilage is actually effected by vessels in the cancelli may
be inferred from their dilatations and convolutions in its vi-
cinity, and from the absence of any other means, as shown
by my injections.’’ In post-fetal life synovial vessels likewise
do not extend into the articulating portion of the
cartilages13c.
Joseph Leidy (1823e1891, Philadelphia) the leading
American anatomist of the time, in 1849 published the
then most detailed description of articular cartilage. He con-
cluded that it is ‘‘thickest in those [joints] which are most
moveable and subject to attrition.’’ Cartilages of the hip
and knee are the thickest, measuring 3.75e5.0 mm. He
measured the size of chondrocytes and pointed out the re-
lationship of their shape to their position, the most superﬁ-
cial approaching ﬂatness, the deeper ones globular. The
‘‘homogeneous hyaline matrix’’ has a ﬁlamentous structure.
Synovium does not extend onto cartilage. He questioned
how the matrix is replenished: from the adjacent vessels,
the cartilage cells, or cells of other tissues. ‘‘As it is certain
that cartilage tissue is produced from albumen, it is worthyof inquiry whether the organic cells of the cartilage are ca-
pable of ﬁxing a material thus transformed in their vicinity.’’
He was unable to resolve the question ‘‘whether the sur-
rounding matter is formed within the cells and then exo-
stosed, or whether the cell life extends its formative power
beyond the precincts of the cell wall.’’ ‘‘We ﬁnd all the con-
ditions of a nutritive ﬂuid due to the articular cartilage in the
synovia, and it is particularly rich in albumen, the main ele-
ment of nutrition of the cartilage. From several experiments
I ﬁnd the articular cartilages are quite capable of imbibing
the synovial ﬂuid.. [T]he wear of the articular cartilages
must be more considerable than is generally supposed, al-
though we really perceive but the slightest degree of dimi-
nution after a lapse of many years.. That such a repair
is constantly going on is also rendered probable by the con-
dition of the more superﬁcial stratum of the articular carti-
lage, in which are found cells presenting the appearance
of having been later formed than those more deeply situ-
ated, and this becomes more strikingly the case as we ap-
proach the free surface of the cartilage.’’ Nevertheless,
Leidy subscribed to the hypothesis that contact with pus
is required to damage cartilage14.
As interest in cartilage was increasing by the 1850s, it is
surprising that this tissue was not mentioned by Henry Gray
(1825e1861) in the 1858 ﬁrst edition of his anatomical text.
It was described in the posthumously published second edi-
tion with reference particularly to Toynbee’s work15.
Richard Barwell (1826e1916), a London surgeon, made
several studies of joint anatomy and pathology. His principal
contribution conﬁrmed Toynbee: The subchondral lamella is
not impervious but ‘‘is composed of a ﬁnely tubular struc-
ture’’ through which the cartilage is nourished from the sub-
jacent vascular loops16. This was ﬁnally disproved in the
1960s.
Cartilage deterioration
Alexander Ecker (1816e1887, 1843, Heidelberg) pub-
lished the ﬁrst microscopic study of deteriorating cartilage.
Based on his observations he opposed the hypotheses
that deterioration was necessarily caused by inﬂammation,
effusions or pus. He differentiated deterioration related to
subjacent osteomyelitis from initiation by ‘‘loss of the epithe-
lial cover,’’ although he did not propose a cause for this ini-
tial phase.
Shortly thereafter the Irish physician, Peter Redfern
(1821e1912, Belfast), became interested in cartilage struc-
ture, particularly its mechanism of healing. He believed that
cartilage cannot be injured by inﬂammation because inﬂam-
mation requires a blood supply and cartilage has none. Nor-
mal nutrition requires access to a deﬁnite amount and
quality of material and vital force competent to convert
this into tissue. ‘‘Diseased states of cartilage are referable
to a changed or abnormal nutrition of the texture, and to
this alone.’’ The process of ulceration consists of ‘‘the soft-
ening of the inter-cellular substance, and the release of the
cells, very often attended with the escape of their contents
by the destruction of the cell-walls.17’’
Before he became a pioneer bacteriologist, discoverer of
the staphylococcus, Alexander Ogston (1844e1929, Aber-
deen) was an anatomist. He believed that ‘‘the contemptible
(i.e., passive) role assigned to articular cartilage’’18a must
be incorrect and endeavored to prove that it is a physiolog-
ically active tissue. He conﬁrmed much of Leidy’s observa-
tions and inferences, having the advantage of a better
microscope and histologic stains. He particularly described
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Ogston also described the appearance of osteoarthritic
cartilage and osteophyte formation. Even if such a joint ex-
ternally appears normal, ‘‘when opened the cartilages, artic-
ular and interarticular, have lost their translucency and are
unusually yellowish, and, instead of having smooth polished
surfaces, are rough and even granular. A section reveals
the joint-surface of the articular cartilage proliferating and
forming actively growing rounded cells, with ﬁbrillation of
the hyaline matrix.18b’’ Opening a phalangeal joint in
which the disease has fully developed ‘‘the articular ends
are found grooved from front to back with deep ruts or
grooves often nearly a quarter of an inch in depth, each
groove corresponding to a projecting ridge on the opposing
facet. The margins of the cartilages are prolonged into bony
masses, not projecting into the joint nor into the normal tis-
sues external to it, but forming as it were an enlarged base
with which are connected the thickened ligaments and
synovial capsule18c.’’
Nineteenth century cartilage chemistry
In 1837 the pioneering German physiologist, Johannes
P. Mu¨ller (1801e1858, Bonn), designated the glutinous
substance that could be extracted from cartilage
‘‘chondrin,’’ the residue glutin. The chondrin that could be
extracted from articular and rib cartilage could be extracted
by boiling for 12e20 h, while ear cartilage was resistant to
boiling. Chondrin could be precipitated from solution by
adding a small amount of alum (aluminum potassium sul-
fate). ‘‘This characteristic indicates that the substance has
a very large atomic weight.’’ Chondrin was differentiated
from casein by not being precipitated by hydrochloric acid.
Prolonged boiling also did not convert either glutin or com-
mercial ﬁsh glue into chondrin. These ﬁndings began the
long investigations of the chemistry of cartilage and of
the relationship between glutin and connective tissue19.
The anatomist, Albert von Ko¨lliker (1817e1905, Wu¨rzburg)
conceded that ‘‘The chemical characters of cartilage are in
some respects but little known.’’ He characterized chondrin
according to Mu¨ller and differentiated between hyaline and
ﬁbro-cartilage on the basis that chondrin could not be
extracted from the latter20.
The results of the early investigations were inconsistent.
The ﬁrst major conﬂict that needed to be resolved was
whether chondrin was a precursor of collagen, as was as-
serted in 1860 by Alexander Friedleben (1819e1878),
a German chemist21. Carl W. Bo¨deker (1815e1895, 1861)
using hot mineral acids, extracted an acidic substance
from cartilage that he initially called ‘‘chondroitin acid.’’ On
further study he mistook this for glucose and withdrew the
name22. Max Schultze (1825e1874, Bonn) digested carti-
lage with warm potassium hydroxide and did not obtain
chondrin, but rather a gel that was differentiated from glutin
by being precipitated with acetic acid and potassium
ferrocyanide23.
Hermann Tillmanns (1844e1927, Leipzig) was a pediatric
surgeon who in the 1870s carried out basic research on the
composition of articular cartilage. ‘‘I was led to these studies
of cartilage ground substance by the generally accepted ob-
servation that hyaline cartilage under pathologic conditions
frequently disintegrates into ﬁbrils. Based on this fact it be-
came attractive to examine whether the ﬁbrillar dissolution
of normal hyaline cartilage can be achieved artiﬁcially with
chemical reagents, in other words, whether normal hyalinecartilage is actually constituted of ﬁbers24a.’’ Most of Till-
mann’s research was done on cartilage from freshly killed
dogs and rabbits and his ﬁrst reagents were potassium per-
manganate and 10% saline. Subsequently he also used
trypsin. He concluded that: ‘‘Hyaline cartilage is histologically
and chemically a ﬁbrillar connective tissue that yields a bind-
ing material rich in mucinous cement substance. The carti-
lage cells function as ordinary connective tissue cells. As
a rule they have no closer relationship to the ﬁbers.. Hya-
line cartilage is distinguished from ordinary connective tis-
sue only in that cartilage contains more cement substance
and that in the adult there are no nutritive channels24b.’’ Till-
manns’s observations were soon conﬁrmed by E.C. Baber
(London) who found that barium oxide was a more efﬁcient
reagent for the separation of the ﬁbrous component of
cartilage25.
In 1884 C.W. Krukenberg (Wu¨rzburg) puriﬁed chondroitin
sulfate using an iron precipitation and obtained the empiri-
cal formula C28H51SN3O30Fe2
20. Oswald Schmiedeberg
(1838e1921), professor of pharmacology in Strassbourg,
published research on the chemical composition of hyaline
cartilage for 30 years. His 1891 article described substan-
ces he extracted from porcine nasal cartilage. He suc-
ceeded in separating chondroitin by precipitating its
sulfate moiety with barium salts and proposed structural for-
mulas for chondroitin and chondroitin sulfuric acid. Chon-
droitin was very viscous, but he eventually was able to
extract substances he identiﬁed as glucosamine and glu-
curonic acid from it. Whether these were the actual compo-
nents and how they were combined remained in dispute.
Schmiedeberg also concluded that chondroitin sulfuric
acid existing in cartilage bound loosely to various
proteins27.
Summary
The quality of John Hunter’s analysis of the anatomy of
articular cartilage with mid-eighteenth century technology
deserves our amazement. A century passed before interest
in the understanding of this tissue resumed. Three ques-
tions intrigued nineteenth century investigators: of what is
articular cartilage composed, how is it nourished, and
what keeps it from wearing away.
The rudimentary chemistry of the mid-nineteenth century
was able to determine that cartilage has two principal com-
ponents: ﬁbrillar collagen and amorphous chondrin. It soon
was concluded that collagen is not derived from chondrin,
but its genesis remained obscure. By the end of the century
chondrin was shown to be an acid sulphate, ‘‘chondroitin
sulphuric acid.’’ Further resolution of the structure of articu-
lar cartilage required the invention of electron microscopy
and radio-isotope techniques in mid-twentieth century.
Toynbee (1841) proposed that cartilage is nourished from
subchondral blood-vessels, while Leidy (1849) speculated
that its nutrition is derived from synovial ﬂuid. This question
was not resolved until the 1960s, in adults in favor of Leidy,
and both being correct during growth.
Relatively little conjecture or research sought to explain
the preservation or deterioration of cartilage. Leidy
proposed that the surface of cartilage is constantly
replenished by the action of superﬁcial chondrocytes. It
was apparent that the presence of pus rapidly caused car-
tilage to deteriorate. Redfern and others attributed deterio-
ration non-speciﬁcally to loss of adequate nutrition. While
little progress was made regarding the pathogenesis of os-
teoarthritis, osteoarthritic cartilage and osteophytosis was
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cartilage deterioration awaited the development of enzyme
chemistry.
Appendix A. Brief overview of twentieth century
cartilage research
According to the 1944 edition of Comroe’s Arthritis and
Allied Conditions ‘‘Articular cartilage contains glycogen, col-
lagen, chondroitin sulfuric acid, lactic acid, and calcium
salts; its exact chemical composition is not accurately
known.’’1 This comment had not been changed substantially
in the 1953 edition in which articular cartilage was pre-
sented in less than two pages. There were two principal dis-
coveries in the ﬁrst half of the century: (1) By light
microscopy articular cartilage could be divided into three
layers according to the orientation of collagen ﬁbers and
the distribution and shape of chondrocytes (1925); (2) Hya-
luronic acid (named in 1934) was demonstrated in cartilage
(1939). The metabolic roles of chondrocytes remained
unknown.
Isotopic tracer methods, especially employing 35S, began
to clarify metabolic aspects. The long debated question
whether articular cartilage is nourished from the subchon-
dral blood-vessels, or synovial ﬂuid as had been proposed
in 1920, was resolved in favor of the latter.
Immunologic and enzymatic approaches to ‘‘molecular bi-
ology’’ dominated the last 30 years. Collagen was shown
not to be one entity, but to be differentiated by the compo-
sition of its three strands and their combination. Type II pre-
dominates uniquely in hyaline cartilage, but minor amounts
of several other types have been shown to add to the colla-
gen network. Attention began to be focused on the compo-
sition of proteoglycan and its relationship to collagen. The
enzymatic control of the synthesis and destruction of the
various components of hyaline cartilage have been exhaus-
tively explored.
Appendix A1. Timeline of some twentieth century
discoveries about adult articular cartilage
1914 Chondroitin sulfuric acid (CSA) is composed of D-glu-
curonic acid and a stereo-isomer of glucosamine.
Levene PA, LaForge FB. On chondroitin sulphuric
acid, third paper. J Biol Chem 1914;18:123e30.
1925 Light microscopic demonstration that articular carti-
lage has three layers according to the orientation of
collagen ﬁbers and distribution of chondrocytes.
Benninghoff A. Form und Bau der Gelenkknorpel in
ihren Beziehungen zur Funktion. II. Der Aufbau des
Gelenkknorpels in seinen Beziehungen zur Funktion.
Ztschr Zellforsch u mikrosk Anat 1925;2:783e862.
1934 Discovery of hyaluronic acid (in vitreous humor).
Meyer K, Palmer JW. Polysaccharide of vitreous hu-
mor. J Biol Chem 1934;107:629e34.
1939 CSA is composed of equimolar D-glucosamine and
glucuronic acid.
Meyer K, Smyth EM, Dawson MH. The isolation of
a mucopolysaccharide from synovial ﬂuid. J Biol
Chem 1939;128:319e27.
1951 Discovery of the lamina splendens on cartilage sur-
face by phase contrast microscopy.
1Comroe, BI. Arthritis and Allied Conditions, 3rd edn. Philadel-
phia: Lea & Febiger, 1944, p. 93.MacConaill MA. The movement of bones and joints.
4. The mechanical structure of articulating cartilage.
J Bone Joint Surg 1951;33B:251e7.
1953 First investigation of the calcifying layer.
Fawns HT, Landells JW. Histochemical studies of
rheumatic conditions. I. Observations on the ﬁne
structures of the matrix of normal bone and cartilage.
Ann Rheum Dis 1953;12:105e13.
1954 CSA is separated from proteoglycan.
Shatton J, Schubert M. Isolation of a mucoprotein
from cartilage. J Biol Chem 1954;211:565e73.
1958 First application of electron microscopy to study carti-
lage structure.
Little K, Pimm LH, Trueta J. Osteoarthritis of the hip.
An electron microscopic study. J Bone Joint Surg
1958;40B:123e31.
1960 Application of 35Sulfur to study cartilage metabolism.
McElligott TF, Collins DH. Chondrocyte function of
human articular and costal cartilage compared by
measuring the in vitro uptake of labeled (35S) sul-
phate. Ann Rheum Dis 1960;19:31e40.
1961 CSA exists as a polymer bonded to proteoglycan.
Partridge SM, Davis HF, Adair GS. The constitution of
the chondroitin sulphateeprotein complex in carti-
lage. Biochem J 1961;79:15e26.
1967 Proof that, as suggested in 1920, cartilage is not
nourished from the subchondral vessels.
Maroudas A, Bullough P, Swanson SA, Freman MA.
The permeability of cartilage. J Bone Joint Surg
1968;50B:166e77.
1969 Chondrocytes have metabolic activity.
Mankin HJ, Lipiello L. The turnover of adult rabbit
articular cartilage. J Bone Joint Surg 1969;51A:
1591e600.
1971 Type II is the main collagenous component of articu-
lar cartilage.
Strawich E, Nimni ME. Properties of a collagen mole-
cule containing three identical components extracted
from bovine articular cartilage. Biochemistry
1971;10:3905e11.
1974 Role of hyaluronic acid in proteoglycan structure.
Hardingham TE, Muir H. Hyaluronic acid in cartilage
and proteoglycan aggregation. Biochem J 1974;139:
565e81.
1975 ‘‘Link proteins’’ stabilize bond between hyaluronic
acid and proteoglycan.
Keiser H. Immunologic studes of bovine nasal carti-
lage proteoglycan ‘‘link proteins.’’ Biochemistry
1975;14:5304e7.
1976 Identiﬁcation of neutral pH metalloproteinases that
degrade proteoglycans.
Sapolsky AI, Keiser H, Howell DS, Woessner JF.
Metalloproteinases of human articular cartilage that
digest cartilage proteoglycan at neutral and acid pH.
J Clin Invest 1976;58:1030e41.
1977 Collagenase (MMP-1) speciﬁcally splits type II collagen.
Ehrlich MG, Mankin HJ, Jones H, Wright R, Crispen
C, Vigliani G. Collagenase and collagenase inhibitors
in osteoarthritic and normal human cartilage. J Clin
Invest 1977;59:226e33.
1978 Amino acid composition of cartilage collagen.
Rhodes RK, Miller EJ. Physicochemical characteriza-
tion and molecular organization of the collagen A and
B chains. Biochemistry 1978;17:3442e8.
1978 Gelatinase (MMP-2) splits collagen IV, V.
Sellers A, Reynolds JJ, Meikle MC. Neutral metallo-
proteinases of rabbit bone. Separation in latent form
208 T. G. Benedek: A history of the understanding cartilageof distinct enzymes that when activated degrade col-
lagen. Biochem J 1978;171:493e6.
1981 Stromelysin (MMP-3) activates procollagenase, splits
certain proteins.
Murphy G, Cawston TE, Galloway WA, Barnes MJ,
Bunning RA, Mercer E, et al. Metalloproteinases
from rabbit bone culture medium degrade types IV
and V collagens, laminin and ﬁbronectin. Biochem J
1981;199:807e11.
1984 Discovery of metalloproteinase inhibitors (TIMP).
Dean DD, Woessner JF. Extracts of human articular
cartilage contain an inhibitor of tissue metalloprotei-
nases. Biochem J 1984;218:277e80.
1985 Rosenberg LC, Choi HU, Tang L-H, Johnson TL, Pal
S, Weber C, et al. Isolation of dermatan sulfate pro-
teoglycans from mature bovine articular cartilage.
J Biol Chem 1885;260:6304e13.
1988 Cytokine IL-1 suppresses synthesis of collagens II
and IX, and aggregating proteoglycan; stimulates
synthesis of collagenase and stromelysin.
Goldring MB, Birkhead J, Sandell LJ, Kimura T,
Krane SM. Interleukin 1 suppresses expression of
cartilage-speciﬁc types II and IX collagens and in-
creases types I and III collagens in human chondro-
cytes. J Clin Invest 1988;82:2026e37.
Chronology of journal review articles that
demonstrate the increase in knowledge
of articular cartilage, 1950e2000
1. Meyer K, Davidson EA, Linker A, Hoffman P. The acid
mucopolysaccharides of connective tissue. Biochim
Biophys Acta 1956;21:506e18.
2. Slack HG. Some notes on the composition and metab-
olism of connective tissue. Am J Med 1959;26:
113e24.
3. Jeanloz RW. The nomenclature of mucopolysacchar-
ides. Arthritis Rheum 1960;3:233e7.
4. Hamerman D, Schubert M. Diarthrodial joints, an essay.
Am J Med 1962;33:555e90.
5. Silberberg R. Ultrastructure of articular cartilage in
health and disease. Clin Orthop Relat Res 1968;57:
233e57.
6. Hamerman D, Rosenberg LC, Schubert M. Diarthrodial
joints revisited. J Bone Joint Surg 1970;52A:725e74.
7. Clarke IC. Articular cartilage: a review and scanning
electron microscope study. J Bone Joint Surg 1971;
53B:732e50.
8. Howell DS. Review article. Current concepts of calciﬁ-
cation. J Bone Joint Surg 1971;53A:250e8.
9. McDevitt CA. Biochemistry of articular cartilage. Nature
of proteoglycan and collagen of articular cartilage and
their role in ageing and in osteoarthritis. Ann Rheum
Dis 1973;32:364e78.
10. Harris ED, Krane SM. Collagenases. N Engl J Med
1974;291:557e63, 605e9, 652e61.
11. Mankin HJ. The reaction of articular cartilage to injury
and osteoarthritis. N Engl J Med 1974;291:1285e92.
1335e40.
12. Lane JM, Weiss C. Review of articular cartilage colla-
gen research. Arthritis Rheum 1975;18:553e62.
13. Bland JH, Cooper SM. Osteoarthritis: a review of the
cell biology involved and evidence for reversibility.
Management rationally related to known genesis and
pathophysiology. Semin Arthritis Rheum 1984;14:
106e33.14. Poole AR. Proteoglycans in health and disease: struc-
tures and functions. Biochem J 1986;236:1e14.
15. Mayne R. Cartilage collagens. What is their function,
and are they involved in articular disease? Arthritis
Rheum 1989;32:241e6.
16. Docherty AJ, Murohy G. The tissue metalloproteinase
family and the inhibitor TIMP: a study using cDNAs
and recombinant proteins. Ann Rheum Dis 1990;49:
469e79.
17. Stanescu V. The small proteoglycans of cartilage ma-
trix. Semin Arthritis Rheum 1990;20:51e64.
18. Woessner JF. Matrix metalloproteinases and their in-
hibitors in connective tissue remodeling. FASEB J
1991;5:2145e54.
19. Pelletier J-P, DiBattista JA, Roughley P, McCollum R,
Martel-Pelletier J. Cytokines and inﬂammation in carti-
lage degradation. Rheum Dis Clin North Am 1993;19:
545e68.
20. Garniro P, Rousseau J-C, Delmas PD. Molecular basis
and clinical use of biochemical markers of bone, carti-
lage, and synovium in joint diseases. Arthritis Rheum
2000;43:953e68.
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